Introduction
Gastric tonometry has emerged as an attractive, relatively noninvasive technology for assessing gastrointestinal perfusion and oxygenation by detecting acidosis in the gut wall. Several clinical studies have shown that gastric intramucosal acidosis detected by this procedure predicts increased mortality of critcally ill adults in medical and surgical intensive care unit (ICU) settings [1] [2] [3] , and that it is a better predictor of mortality from critical illness than other mesures of global oxygen delivery and systemic hemodynamics [4] . It has also been suggested that correcting intramucosal acidosis may increase survival in selected critically ill patients [5] .
The purpose of this review is to discuss factors influencing in vivo reliability and variability of gastric tonometry, and to analyze the causes of the occasional misinterpretation of its results.
The gastric tonometry technique -causes of misinterpretation of the results
The measurement of gastric mucosal acidosis by gastric tonometry is based on the principle that the fluid in a hollow viscus can be used to estimate gas tensions in the surrounding tissues. The main assumption is that, after a given equilibration time, luminal and mucosal CO 2 partial pressures (PCO 2 ) will be similar. Consequently, the increased tissue production of CO 2 during hypoxia (from the reaction between hydrogen anions and bicarbonate) can be detected by analyzing the liquid inside the gastric lumen.
Conventional gastric tonometry involves the placement of a modified nasogastric (NG) tube, equipped with a gas-permeable, saline-filled silicone balloon at its tip, into the stomach [6, 7] (Fig 1) . Allowing enough time for the equilibration of CO 2 between the fluid in the balloon and the gastric lumen (30-90 min), the saline is then aspirated and its PCO 2 determined using a blood gas analyzer. Thus, gastric tonometry can determine intraluminal PCO 2 (PiCO 2 ) which is assumed to be in equilbrium with gastric mucosal PCO 2 . Intramucosal pH (pHim) can be calculated by the Henderson-Hasselbach equation, using the PiCO 2 value determined by gastric tonometry and the arterial bicarbonate concentration, assuming that the tissue bicarbonate concentration is in the equilibrium with that in the capillaries, which is further assumed to be the same as determined for arterial blood.
Consequently, causes of misleading interpretations of gastric tonometry can be divided as follows:
1. those which 'originate from the patient', and actually confound the logical interpretation based on clinical determinations (mainly, disturbances in systemic acid base balance); 2. local factors in the gastric lumen which can alter the relationship between PiCO 2 and mucosal PCO 2 , and 3. factors inherent in the technique which can cause erroneous determinations of PiCO 2 .
Patient factors -from pHim to DPCO 2 According to one report [8] , gastric tonometry failed to accurately estimate the magnitude of the decrease in tissue pH in conditions of low perfusion (total and partial occlusion of the superior mesenteric artery); direct measurement of pH with microelectrodes was found to be more accurate. One probable explanation for the inaccuracy of gastric tonometry in these low perfusion conditions is the fact that tissue bicarbonate levels are overestimated when determined via arterial concentration. This is because tissue bicarbonate is consumed by buffering protons which are generated by ischemic tissue, therefore reducing the input of fresh bicarbonate. As a clinical example of this phenomenon, Benjamin et al [9] reported that calculated pHim became normal with sodium bicarbonate administration in the treatment of a patient with severe systemic acidosis despite laparotomy-proven massive mesenteric ischemia, resulting in a correction of the calculated pHim.
However, an examination of the contribution of the stomach mucosa to its own acid-base status must include an assessment of the arterial blood perfusing that area. If arterial bicarbonate is low due to acidosis arising somewhere other than the gastrointestinal tract, then calculated pHim may be low despite normal PiCO 2 .
Indeed, studies in critically ill patients have shown a striking correlation between pHim and measurements of metabolic acidosis [4, 10] . Therefore, measuring PiCO 2 alone is simpler and eliminates arterial bicarbonate as one source of error.
Tissue PCO 2 -the parameter we aim to determine by gastric tonometry -equilbrates almost exactly with capillary PCO 2 and, according to the Fick principle, is related to tissue CO 2 production and arterial CO 2 Figure 1 Gastric tonometry determines intraluminal PCO 2 which is assumed to be in equilibrium with PCO 2 in the gastric mucosa. Intramucosal pH (pHim) can be calculated by the Henderson-Hasselbach equation using the PCO 2 value determined by gastric tonometry and the bicarbonate concentration in arterial blood. content, and is inversely related to regional blood flow. Therefore, changes in arterial PCO 2 (PaCO 2 ) should affect tissue PCO 2 . It has been shown that respiratory acidosis leads to tissue hypercarbia in animals [11] . This observation is in agreement with clinical studies showing that patients with hypercapnia have a significantly higher PiCO 2 than those without, and that their pHim is also signigficantly lower [12] . The relationship between PaCO 2 and PiCO 2 has also been observed in individual patients whose PaCO 2 was modified by changes in dead space [13] . Thus, pHim assesses not only splanchnic oxygenation, but also arterial acid-base status.
The gradient between PiCO 2 and PaCO 2 (DPCO 2 ), which is solely determined by the ratio between blood flow and CO 2 production in the tissue, should be a better measure of mucosal perfusion. A new question arises from this assertion -how much does DPCO 2 have to increase in order to indicate not just low gastric blood flow, but also anaerobic generation of CO 2 [14] ? Schlichtig and Bowles [15] recently reported that the onset of intestinal anaerobiosis in normal dogs occurred when PiCO 2 had risen to 65 mmHg and DPCO 2 had increased to 25-35 mmHg.
The use of the gradient between intramucosal and arterial pH [16] seems to be more cumbersome and less precise than DPCO 2 [17] .
Finally, we should ask whether gastric mucosal acidosis always indicates tissue hypoperfusion. Like most studies validating gastric tonometry, the aforementioned article by Schlichtig and Bowles [15] used a model of progressive flow reduction. However, there is evidence from animal sepsis models of intestinal mucosal acidosis that is unrelated to tissue hypoxia [18, 19] . Therefore, tissue acidosis in sepsis may result from causes other than cellular dysoxia. It has been suggested that a preferential increase in anaerobic glucose utilization at the expense of oxidative glucose metabolism, even in the presence of adequate or even supranormal oxygen levels, could lead to tissue acidosis [20, 21] . This concept has important clinical implications -we should take particular care when attending to septic patients with gastric mucosal acidosis because it may not in fact be incontrovertible evidence of tissue hypoperfusion [21] .
Local factors that can influence gastric tonometry
The relationship between high PiCO 2 and mucosal ischemia in the stomach is invalidated in cases where CO 2 is produced in the lumen. Buffering of gastric acid by bicarbonate, either from an exogeneous source, or from gastric or duodenal secretions, is a major cause of increased intraluminal CO 2 .
Studies in human volunteers have shown that administration of ranitidine, an H 2 receptor blocking agent, reduces the error in PiCO 2 measurement [22] [23] [24] . Consequently, inhibition of acid secretion is now considered to be mandatory for proper assessment of intraluminal PCO 2 . However, this recommendation has not been validated in critically ill patients; studies suggest that the use of H 2 -blockers in the critically ill has no effect on the assessment of intraluminal PCO 2 [25, 26] . Discrepancies between results in healthy volunteers and critically ill patients may be related to a reduced gastric acid secretion in the latter as a result of compromised visceral perfusion [27] [28] [29] . However, these studies of critically ill patients were performed with small patient samples and over a short period, without changes in their hemodynamic status. The results may, therefore, not be applicable to hemodynamically unstable patients.
The effect of other treatments commonly administered via an NG tube on the measurement of pHi by gastric tonometry remains unclear. Elsewhere [30] we studied the effect of sucralfate, which is widely used for stress ulcer bleeding prophylaxis because it does not significantly reduce gastric pH and tends to decrease the additional risk of gastric bacterial overgrowth. Our results suggested that enteral administration of sucralfate does not alter the determination of pHim by gastric tonometry in critically ill patients.
Enteral feeding may also affect accurate assessment of PiCO 2 . Once food enters the stomach it stimulates secretion of gastric juice and bicarbonate ions. This combination, along with the digestion of nutrients, may generate CO 2 inside the gastric lumen. In animals, it has been shown that gastric instraluminal PCO 2 increases after feeding [31] . This effect has also been observed in asymptomatic subjects [32] and in critically ill patients [33] . Consequently, it is currently recommended that enteral feedings be discontinued for about 1-2 h before measuring pHim. This period may need to be longer in patients with delayed gastric emptying.
In normal conditioins, blood flow to each portion of the gastrointestinal tract is proportional to the level of local activity. Blood flow increases after feeding by 100-150% for 3-6 h. Consequently, if the flow cannot increase appropriately, enteral feeding may result in gastrointestinal hypoxia with mucosal acidosis. In fact, the presence of mucosal acidosis after feeding has been used to detect chronic gastric ischemia [32] .
Factors related to the technique -from saline to air
Gastric tonometry presents the main sources of problem -the time required from equilibration, the measurement of saline PCO 2 , and the potential loss of CO 2 during transport of the sample.
The first of these, the time required for equilibration, is an important factor. Equilibration follows Fick's law of diffusion. Complete equilibration of the tonometer solution with mucosal PCO 2 requires at least 60-90 min, with shorter times resulting in the measurement becoming significantly more variable.
Measurement of saline PCO 2 is also an important source of error and, as shown by Takala et al, depends on both the analyzer used and the actual PCO 2 level [34] . Most analyzers underestimated saline PCO 2 by 5-19%. Notably, the performance of all analyzers markedly improved when a buffer solution was used. Why, then, not use a buffer solution instead of saline? The problem is that due to the higher CO 2 -binding capacity of the buffer, more time is required for the equilibration of tissue and sample CO 2 , reducing the ability of the intragastric tonometer to respond to changing tissue PCO 2 .
Another alternative to the use of saline is air. The use of 'balloonless' air tonometry has been reported in animals, and Salzman et al have demonstrated a good correlation between tonometric PCO 2 measurements obtained simultaneously from samples of air and saline solution [11] . Although, in the above study the air was analyzed by a blood gas analyzer, its use has opened by the possibility of determining intramucosal PCO 2 by capnography.
Capnography is the basis of some new systems for nearly continuous monitoring of intramucosal PCO 2 . One recently validated system allows continuous recirculation of gas through the balloon of the tonometer [35] . The new system was compared with a conventional tonometer in an in vivo experiment on dogs with induced hypoxia. The air system showed a higher sensitivity in detecting tissue hypoxia. The probable explanation for the greater sensitivity of the continuous monitoring system was that the recirculating gas was already in equilibrium with PiCO 2 immediately before the induction of hypoxia.
An automated tonometric system which also uses capnography with a conventional tonometer is now commercially available [36] . This system allows concomitant determination of end-tidal CO 2 with PiCO 2 to estimate DPCO 2 . This system works by introducing a certain amount of air into the balloon, which is periodically aspirated in order to determine PCO 2 . The same air is sent back to the balloon after determining tonometric PCO 2 . Therefore, as with the system described above that uses recirculating gas, it increases sensitivity to changes in intramucosal PCO 2 , allowing sampling times shorter than 30 min.
In addition to higher sensitivity, the expected advantages of these systems are:
1. shorter sampling times; 2. the selected time for equilibration is always constant, and 3. the fact that there is no need for saline aspiration and transport to a blood gas analyzer, avoiding the risk of CO 2 loss during transport and, thus, reducing the actual number of error sources in the technique.
Conclusion
In summary, gastric tonometry is relatively simple technique, but obtaining reliable results and interpreting them accurately requires a comprehensive knowledge of the technique and careful attention to the smallest detail. Frequency of measurement is limited by the time required and staff intervention involved. The use of air instead of saline, and PCO 2 determination by capnography seem to be promising ways of avoiding some of the problems that the technique presents.
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